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Geologically Produced Anti-Neutrino

238U →
206Pb + 84He + 6e

− + 6ν̄e + 51.7 MeV (100%)
232Th →

208Pb + 64He + 4e
− + 4ν̄e + 42.7 MeV (100%)

40K →
40Ca + e

− + ν̄e + 1.31 MeV (89.28%)

Beta-decay of radioactivities (U, Th, K) in the Earth

40K + e� !40 Ar + ⌫e + 1.51MeV(10.72%)

44 TW
Surface heat flow

U : 8 TW

Th : 8 TW

K : 4 TW

Radiogenic heat
19 TW

Bulk Silicate Earth (BSE) model

>

chondrite meteorite



Anti-neutrino energy, Ei (MeV)
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1.8 MeV

n

p⌫̄e

e+

γ

γ

γ

prompt

delayed

mean capture time 
~ 200 µsec on proton

anti-neutrino detection by inverse beta-decay

Geo Neutrino
• G. Eder (1966)
• G. Marx (1969)
• L. Krauss et al. (1988)
• M. Kobayashi, Y. Fukao (1981)
• R. Raghavan et al. (1998)
• Rothschild et al. (1998)
• G. Fiorentini et al. (2003)

feasible plan in KamLAND and Borexino

detailed neutrino flux calculations

systematic search of target detector material

first calculation in science literature

}



Neutrino Geoscience

Release of gravitational energy 
through metallic core separation 
         → primordial heat

Heat sources in the Earth Energy release by radioactive decay of 
U, Th, K → radiogenic heat

Experimentally investigated

Geo neutrino experiment will 
play a key role in answer 

all the questions !

still remain ?

- KamLAND (Japan)
- Borexino (Italy)

Geo neutrino detector

Earth 
formation

~ 4 billion years ago

geo reactor



13 m

18 m

1,000 ton Liquid Scintillator

Water Cherenkov Outer Detector

Pseudocumene (20%) PPO (1.36 g/l)Dodecane (80%)

1,325 17 inch + 554 20 inch PMTs

commissioned in February, 2003
photocathode coverage : 22%       34%

宇宙線ニュートリノneutrino cosmic-ray
Kamioka Liquid Scintillator Anti-Neutrino Detector

1,000 m 
depth

operated since 2002

Kamioka

KamLAND



Anti-Neutrino Flux in Kamioka

Neutrino energy (MeV)
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decrease of 
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good data for 
geo neutrino 
observation

March ‘11 earthquake

time variation of neutrino flux

all reactor-off

July ’16 earthquake

“Reactor on-off” study for neutrino 
oscillation and geo neutrino analysis

significant reduction of anti-neutrino flux 
from reactors after Fukushima-I accident
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Pu239

Pu241

235U, 239Pu, 241Pu: re-evaluation of ILL (P. Huber)
238U: theoretical calculation (Th. Mueller et al.) 238U

239U 239Np 239Pu

240Pu

241Pu

(n, γ)

(n, γ)

(n, γ)

β β

~3% upward-shift by re-evaluation of ILL data

Reactor Neutrino Spectrum

Recalculation from ILL data
(Lhuillier/Mueller, Saclay)

- built from 845 nuclei and 10000 β-branches

- introduce a new ab-initio conversion method

- includes full error propagation and correlation

N N1

N2

n

n
nn

neutron rich fission fragment

N2        N3 + e- + νe νe~ 6      / fission

burn-up effect



Reactor Neutrino Anomaly

}

R=0.927±0.023

KamLAND, Solar-ν
oscillation

Atm., Acc., Reactor-ν
oscillation

past reactor neutrino experiment

Reactor to detector distance (m)
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Bugey4 accuracy on the neutrino flux is 1.4% (L = 15 m from PWR reactor)

�i : fractional fission rate

(i = 235U, 238U, 239Pu, 241Pu)

���i =
�

dESi(E)�(E) : effective cross section per fission

analysis is insensitive to “Reactor Neutrino Anomaly”

possibility of systematic bias 
or sterile-ν oscillation?

Normalization with Near Data

Normalization of cross section per fission
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TABLE I: Estimated backgrounds for νe in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
 13C(α,n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(α,n)16Og.s., 12C(n,n ′)12C∗ (4.4 MeV γ) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
 13C(α,n)16O∗, 1st e.s. (6.05 MeV e+e−) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(α,n)16O∗, 2nd e.s. (6.13 MeV γ) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for νe’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6 MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor νe + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002
−0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the νe emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the νe

spectra per fission of these isotopes introduced a ∼3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer ν̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
∆m2 ∼ 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for

March 2011 
Earthquake

Time Variation of Event Rate

long-term shutdown
of Japanese reactor

Data have good agreement with expected rate

KamLAND-Zen
start

Period 1: Mar. 2002 - May 2007

2.6 < Ep < 8.5 MeV

Period 2: May 2007 - Aug. 2011 (after LS purification)
Period 3: Oct. 2011 - Nov. 2012 (after KamLAND-Zen start)

Total livetime 
2991 days
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�m2
21 = 7.54+0.19

�0.18

tan2�12 = 0.481+0.092
�0.080

sin2�13 = 0.010+0.033
�0.034
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Observed events

No osci. expected
Background

2611

3564 ± 145

364 ± 31(w/o geo neutrino)

Observed Energy Spectrum
exposure : 5780 ton-year 

significant reduction

KamLAND only
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane, for

solar and KamLAND data from the three-flavor oscillation analysis
for (a) θ13 free and (b) θ13 constrained by accelerator and short base-
line reactor neutrino experiments. The shaded regions are from the
combined analysis of the solar and KamLAND data. The side panels
show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21 axes.

Ngeo
U,Th are the contributions expected from U and Th geo νe’s,

and those flux normalization parameters allow for the earth
model-independent analysis. NBG1→5 are the expected num-
ber of backgrounds, and are allowed to vary in the fit but
are constrained with the penalty term (iii) using the estimates
given in the preceding section. The α1→4 parametrize the un-
certainties on the reactor νe spectra and energy scale, the event
rate, and the energy dependent efficiencies; these parameters
are allowed to vary in the analysis but are constrained by term
(iv). The penalty term (v) provides a constraint on the neutrino
oscillation parameters from the global analysis of solar [22–
26], accelerator (T2K [27], MINOS [28]), and short base-
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram
is the expected distributions based on the best-fit parameter val-
ues from three-flavor unbinned maximum-likelihood analysis of the
KamLAND data.

line reactor neutrinos (Double Chooz [29], Daya Bay [30],
RENO [31]).

Because the rates for backgrounds, reactor and geo νe sig-
nals have the different time evolution, as shown in Fig. 2, the
event time provide an additional discriminating power. The
time variation of the reactor νe spectrum calculated from the
Japanese reactor operation recode is fully exploited in the geo
νe analysis. Most importantly, the minimal background level
for geo νe observation, achieved through the significant re-
duction of the reactor νe fluxes by recent shutdown of most
commercial reactors in Japan, enhanced the sensitivity on the
geo νe’s so far. Furthermore, a precise determination of con-
tributions from geo νe’s using this data could be an advantage
in the observation of reactor νe oscillations, resulting in an
improvement of the oscillation parameter measurements.

Figure 3 shows the prompt energy spectra of νe can-
didate events for each period, illustrating the reduction of
13C(α, n)16O backgrounds in Period 2 and reactor νe’s
in Period 3. For the three-flavor KamLAND-only analy-
sis, without any constraints on θ13 from other oscillation
experiments, the best-fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. Fig. 4 compares the allowed re-
gions in the (tan2 θ12, ∆m2

21) plane from θ13 free and θ13

constraint analyses. Assuming CPT invariance, the oscilla-
tion parameter values from a combined analysis of the solar
and KamLAND data are tan2 θ12 = 0.437+0.029

−0.026, ∆m2
21 =

7.53+0.19
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.015

−0.015. With the
constraints on θ13 from accelerator and short baseline reactor
neutrino experiments, we obtained tan2 θ12 = 0.436+0.029

−0.025,
∆m2

21 = 7.53+0.18
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002

−0.002.
The value of tan2 θ12 change little from the θ13 constraint.
The best-fit values for the different data combinations and
analysis approaches are summarized in Table III.

The KamLAND data illustrates the oscillatory shape of re-
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solar and KamLAND data from the three-flavor oscillation analysis
for (a) θ13 free and (b) θ13 constrained by accelerator and short base-
line reactor neutrino experiments. The shaded regions are from the
combined analysis of the solar and KamLAND data. The side panels
show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21 axes.

Ngeo
U,Th are the contributions expected from U and Th geo νe’s,

and those flux normalization parameters allow for the earth
model-independent analysis. NBG1→5 are the expected num-
ber of backgrounds, and are allowed to vary in the fit but
are constrained with the penalty term (iii) using the estimates
given in the preceding section. The α1→4 parametrize the un-
certainties on the reactor νe spectra and energy scale, the event
rate, and the energy dependent efficiencies; these parameters
are allowed to vary in the analysis but are constrained by term
(iv). The penalty term (v) provides a constraint on the neutrino
oscillation parameters from the global analysis of solar [22–
26], accelerator (T2K [27], MINOS [28]), and short base-
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram
is the expected distributions based on the best-fit parameter val-
ues from three-flavor unbinned maximum-likelihood analysis of the
KamLAND data.

line reactor neutrinos (Double Chooz [29], Daya Bay [30],
RENO [31]).

Because the rates for backgrounds, reactor and geo νe sig-
nals have the different time evolution, as shown in Fig. 2, the
event time provide an additional discriminating power. The
time variation of the reactor νe spectrum calculated from the
Japanese reactor operation recode is fully exploited in the geo
νe analysis. Most importantly, the minimal background level
for geo νe observation, achieved through the significant re-
duction of the reactor νe fluxes by recent shutdown of most
commercial reactors in Japan, enhanced the sensitivity on the
geo νe’s so far. Furthermore, a precise determination of con-
tributions from geo νe’s using this data could be an advantage
in the observation of reactor νe oscillations, resulting in an
improvement of the oscillation parameter measurements.

Figure 3 shows the prompt energy spectra of νe can-
didate events for each period, illustrating the reduction of
13C(α, n)16O backgrounds in Period 2 and reactor νe’s
in Period 3. For the three-flavor KamLAND-only analy-
sis, without any constraints on θ13 from other oscillation
experiments, the best-fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. Fig. 4 compares the allowed re-
gions in the (tan2 θ12, ∆m2

21) plane from θ13 free and θ13

constraint analyses. Assuming CPT invariance, the oscilla-
tion parameter values from a combined analysis of the solar
and KamLAND data are tan2 θ12 = 0.437+0.029

−0.026, ∆m2
21 =

7.53+0.19
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.015

−0.015. With the
constraints on θ13 from accelerator and short baseline reactor
neutrino experiments, we obtained tan2 θ12 = 0.436+0.029

−0.025,
∆m2

21 = 7.53+0.18
−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002

−0.002.
The value of tan2 θ12 change little from the θ13 constraint.
The best-fit values for the different data combinations and
analysis approaches are summarized in Table III.

The KamLAND data illustrates the oscillatory shape of re-

Δm2: systematic uncertainty 1.9%
(dominated by linear energy scale uncertainty)
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) θ13 free and (b) θ13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on ∆m2

21 and the expected event rate of reactor νe’s. The
overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor νe’s,
geo νe’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo νe fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo νe’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo νe’s.

Figure 3 shows the prompt energy spectra of νe candidate
events for each period. The reduction of the 13C(α, n)16O
background in Period 2 and of reactor νe’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (χ2

osci = 0), the fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. The contours are nearly symmet-
ric about tan2 θ12 = 1, but the best-fit values for tan2 θ12 > 1
are slightly disfavored over those for tan2 θ12 < 1, with
∆χ2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters ∆m2

21, θ12, and θ13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8

Neutrino Oscillation Parameter
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BOREXINO started data taking 
in 2007

18m

13.7m

•278 t of liquid organic 
scintillator PC + PPO 
(1.5 g/l)
• (Ȟ,e)-scattering with 
200 keV threshold
•Outer muon detector

Borexino Smirnov, TAUP 2011



Fit with U/Th components
Zavatarelli, Neutrino Geoscience 2013



MODELS'
Cosmochemical:'uses'meteorites'–'O’Neill'&'Palme'(’08);'Javoy'et'al'(‘10);'Warren'(‘11)'
Geochemical:'uses'terrestrial'rocks'–'McD'&'Sun'’95;'Allegre'et'al'‘95;'Palme'O’Neil'‘03'
Geodynamical:'parameterized'convecBon'–'Schubert'et'al;'TurcoHe'et'al;'Anderson'

McDonough, Neutrino Geoscience 2013

Summary of Geo Neutrino Results

Agreement of results at multi-site



Earth Model Comparison

Geo-ν measurement is in agreement with BSE models

radiogenic
heat low from 

Earth’s surface
47±2 TW

14.2+7.9-5.1TW
KamLAND result (2013)

Th (TW)232U + 238Radiogenic Heat from 
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Cosmochemical Geochemical Geodynamical

KamLAND 68.3% C.L.

support single 
layer convection

difference between
primitive meteorite

O. Šramek et al. Earth. Plan. Sci. Letters 361 (2013) 356-366

Model Cosmochem. Geochem. Geodyn.

AU (ppb) 12 ± 2 20 ± 4 35 ± 4

ATh (ppb) 43 ± 4 80 ± 13 140 ± 14

AK (ppm) 146 ± 29 280 ± 60 350 ± 35

Th/U 3.5 4.0 4.0

K/U 12000 14000 10000

Tot. Power (TW) 11 ± 2 20 ± 4 33 ± 3

Mantle power (TW) 3.3 ± 2.0 12 ± 4 25 ± 3

Mantle Urey ratio 0.08 ± 0.05 0.3 ± 0.1 0.7 ± 0.1

Three classes BSE compositional estimates

Geodynamical prediction with homogeneous 
hypothesis is disfavored at 89% C.L.

All composition models are still consistent 
within ~2σ



Nature News in April 2013

http://www.nature.com/polopoly_fs/1.12707!/menu/
main/topColumns/topLeftColumn/pdf/496017a.pdf

Neutrino Geoscience 2013

http://www.awa.tohoku.ac.jp/geoscience2013/

Physicist/Geoscientist Collaborative Work

International scientific community is organized

“Neutrino Geoscience” is developing
- Earth model from geophysics and geochemistry

- Multi-site measurement by neutrino detectors

detailed map of neutrino source inside the Earth

International Workshop 
(Takayama in Japan)

http://www.nature.com/polopoly_fs/1.12707!/menu/main/topColumns/topLeftColumn/pdf/496017a.pdf
http://www.nature.com/polopoly_fs/1.12707!/menu/main/topColumns/topLeftColumn/pdf/496017a.pdf
http://www.nature.com/polopoly_fs/1.12707!/menu/main/topColumns/topLeftColumn/pdf/496017a.pdf
http://www.nature.com/polopoly_fs/1.12707!/menu/main/topColumns/topLeftColumn/pdf/496017a.pdf
http://www.nature.com/polopoly_fs/1.12707!/menu/main/topColumns/topLeftColumn/pdf/496017a.pdf
http://www.nature.com/polopoly_fs/1.12707!/menu/main/topColumns/topLeftColumn/pdf/496017a.pdf


Summary

• Tests of primitive meteorite and mantle convection 
model are the next target.

• Multi-site measurements by KamLAND and 
Borexino have just started.

- Observed flux is still consistent with all BSE models
- Radiogenic heat contributes only half of Earth’s total 
heat flow → primordial heat still remain

• Geo neutrino experiments showed

• Multi-site measurements at geologically different 
locations will be important for the tests.



Backup



観測エネルギー (MeV)
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Physics Target in KamLAND

Mar. 2013  new result (hep-ex/1303.4667)



6 parameters :  3 mixing angle, 2 mass difference, 1 CP phase
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Neutrino from the Earth

Radiogenic heat : α-decay or β-decay emitting “anti-neutrinos”

(1) Radiogenic heat from U, Th, K decay
(2) Release of gravitational energy through accretion or metallic core separation
(3) Latent heat from the growth of inner core 

U series Th series

 anti-neutrinos 
 from beta-decay

Heat sources in the Earth



Anti-Neutrino Detection

n

p⌫̄e

e+

γ

γ

γ

inverse beta-decay reaction

prompt

delayed

mean n-capture time 
on proton ~ 207 µsec 

• 0.5 < ΔT < 1000 µs
• ΔR < 2 m
• 1.8 MeV < Edelayed < 2.6 MeV or    
 4.0 MeV < Edelayed < 5.8 MeV
• 0.9 MeV < Eprompt  < 8.5 MeV
• Rprompt, Rdelayed < 6.0 m
• L-selection from 6 parameters

(a) accidental B.G. discrimination

(b) µ spallation cut
• ΔTµ > 2 s after showing µ
• ΔTµ > 2 s or ΔL > 3 m after 

non-showering µ (ΔQ < 106 p.e.)

Tight background rejection 
by delayed coincidence

2.2 MeV



Reactor and Geo Neutrino Analysis
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Anti-Neutrino Event Selection
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5

is highly model-dependent, the event rates from the U and Th
decay chains are not constrained in the oscillation analysis;
only the prompt energy spectrum shapes, which are indepen-
dent of the Earth model, are used to constrain their contribu-
tion. A possible contribution from a hypothetical reactor-νe

source at the Earth’s center, motivated by [20] and investigated
in [4] and [2], is neglected in the oscillation and geoneutrino
analysis, but is addressed briefly below.

In Period 1, the dominant background is the 13C(α, n)16O
reaction, generated from the α-decay of 210Po in the LS.
The neutrons in this reaction are produced with energies
up to 7.3 MeV, but the visible energy is quenched to below
2.7 MeV. Accounting for the energy-dependent efficiency of
the Lcut(Ep), the estimated number of 13C(α, n)16O back-
ground events is 207.1±26.3 in the energy region 0.9MeV <
Ep < 8.5MeV. The accidental background, which domi-
nated in Period 2 and 3, is measured with an out-of-time de-
layed coincidence window from 10 ms to 20 s to be 125.5±
0.1events. Including smaller contributions from cosmogeni-
cally activated radioactive isotopes, fast neutrons produced by
cosmic-ray muons, and atmospheric neutrinos, the total back-
ground is estimated to be 364.1 ± 30.5 events. The back-
grounds are detailed in Table I.

VI. ANTI-NEUTRINO MEASUREMENT AND
OSCILLATION ANALYSIS

After all selection cuts, we expect 3564 ± 145 events from
reactors in the absence of νe disappearance, and 364.1± 30.5
events from the backgrounds. The observed number is 2611
events.

To extract the neutrino oscillation parameters and geoneu-
trino fluxes anti-neutrino data is analyzed with an un-
binned maximum-likelihood method, which takes into ac-
count the event rate and time information in the energy region

TABLE II: Estimated systematic uncertainties for the neutrino oscil-
lation parameters ∆m2

21, θ12, and θ13 for the earlier / later periods
of measurement, denoted in the text as Period 1 / Period 2 and 3. The
overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 and 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [21] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8
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(b) Period 2
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FIG. 3: Prompt energy spectrum of νe candidate events above 0.9
MeV energy threshold (vertical dashed line) for each period, denoted
in the text. The background, reactor and geo νe contributions for
each period are fitted simultaneously from an unbinned maximum-
likelihood analysis in three-flavor oscillations. This fit is free from
constraints on the oscillation parameters from other experiments.
The prompt energy spectra of νe candidate events in the low-energy
region are also shows in the small panels. The top panel shows the
energy-dependent selection efficiencies for each period.

0.9MeV < Ep < 8.5MeV. The χ2 is defined by

χ2 = χ2
rate(θ12, θ13, ∆m2

21, NBG1→5, N
geo
U,Th,α1→4)

−2 lnLshape(θ12, θ13, ∆m2
21, NBG1→5, N

geo
U,Th,α1→4)

+χ2
BG(NBG1→5) + χ2

syst(α1→4)

+χ2
osci(θ12, θ13, ∆m2

21) . (8)

The terms are, in order: the χ2 contribution for (i) the to-
tal rate, (ii) the prompt energy spectrum shape, (iii) a penalty
term for backgrounds, (iv) a penalty term for systematic un-
certainties, and (v) a penalty term for oscillation parameters.

Systematic Uncertainty

before / after purification
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Inner Balloon
(3.08 m diameter)

Photomultiplier Tube

Outer Balloon
(13 m diameter)

Buffer Oil

Chimney

Fiducial Volume
(12 m diameter)

LS 1 kton

Xe-LS 13 ton

- Vertex cut conditions 

To minimize accidental coincidences, we apply Xe LS cut 
for KamLAND-Zen Phase in R < 6.0m fiducial volume.

R > 2.5m, cylinder cut (ρ > 2.5m, Z > 0)
(cut out volume 16.6% of R<6m)

- Data stability of KamLAND region
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TABLE I: Estimated backgrounds for νe in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
 13C(α,n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(α,n)16Og.s., 12C(n,n ′)12C∗ (4.4 MeV γ) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
 13C(α,n)16O∗, 1st e.s. (6.05 MeV e+e−) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(α,n)16O∗, 2nd e.s. (6.13 MeV γ) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for νe’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor νe + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002
−0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the νe emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the νe

spectra per fission of these isotopes introduced a ∼3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer ν̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
∆m2 ∼ 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for
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FIG. 2: Time evolution of expected and observed rates at KamLAND for νe’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor νe + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029
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mantle core

UCC   U : 2.8 ppm / Th : 10.7 ppm
MCC   U : 1.6 ppm / Th : 6.1 ppm
LCC    U : 0.2 ppm / Th : 1.2 ppm

oceanic crust
   U : 0.10 ppm / Th : 0.22 ppm

{{

U : 0.012 ppm / Th : 0.048 ppm U : 0 ppm / Th : 0 ppm

Mantle = BSE (Primitive Mantle) − Crust

Rudnick et al. (1995)

no U/Th in core

continental
 crust

Th/U ~ 3.9
radiogenic heat ~ 16 TW

chondrite meteorite

Reference Earth Model
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FIG. 6: Prompt energy spectrum of the νe events in the low-energy
region. Bottom panel: data together with the fitted background and
geo νe contributions. The fit incorporates all available constraints
on the oscillation parameters. The shaded background and geo νe

histograms are cumulative. Middle panel: observed geo νe spectrum
after subtraction of reactor νe’s and other background sources. The
dashed and dotted lines show the best-fit U and Th spectral contri-
butions, respectively. The blue shaded curve shows the calculation
of a geological reference model. Top panel: the energy-dependent
selection efficiency.

The fit values for the different combinations are summarized
in Table III. Figure 4 shows the extracted confidence intervals
in the (tan2 θ12, ∆m2

21) plane with and without the θ13 con-
straint.

The KamLAND data illustrates the oscillatory shape of re-
actor νe’s arising from the neutrino oscillations. The ratio of
the background- and geo-νe-subtracted reactor νe events to
the no-oscillation expectation is shown in Fig. 5 as a function
of L0/E, where L0 = 180 km is the flux-weighted average
reactor baseline. The improved determination of the geo νe

flux resulting from the addition of the reactor-off data makes
the second peak at L0/E = 70 km/MeV more evident than
in previous analyses.

For the geo νe flux measurement we incorporate all avail-
able constraints on the oscillation parameters. The insets in
Fig. 3 detail the observed spectra in the low-energy region for
each data taking period. Figure 6 shows the measured geo
νe event spectrum after subtracting the best-fit reactor νe and
background spectra. The best-fit to the unbinned data yields
116 and 8 geo νe’s from U and Th decays, respectively. The
joint confidence intervals for the sum NU + NTh and the
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FIG. 7: (a) Confidence level (C.L.) contours for the observed geo νe

event rates. The small shaded region represents the prediction from
the reference model of [18]. The vertical dashed line represents the
value of (NU−NTh)/(NU+NTh) expected from a Th/U mass ratio
of 3.9 derived from chondritic meteorites. (b) ∆χ2-profile from the
fit to the total number of geo νe events, fixing the Th/U mass ratio
at 3.9. The grey band represent the geochemical model prediction,
assuming 20% deviation in abundance estimates.

asymmetry factor (NU − NTh)/(NU + NTh) are shown in
Fig. 7. This result agrees with the expectation from the geo-
logical reference model of [18]. While the contributions from
U and Th are anti-correlated, as shown in Fig. 7(a), we ob-
tained an upper limit of <19 (90% C.L.) in the Th/U mass
ratio, indicating the separation of U and Th νe’s. Assum-
ing a Th/U mass ratio of 3.9, as predicted by the geochemical
model of [11] from the abundances observed in chondritic me-
teorites, the total number of U and Th geo νe events is 116+28

−27,
with a ∆χ2-profile as shown in Fig. 7(b). This result corre-

NU + NTh



- Expected Rate vs Observed Rate (0.9-2.6 MeV)
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TABLE I: Estimated backgrounds for νe in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
 13C(α,n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(α,n)16Og.s., 12C(n,n ′)12C∗ (4.4 MeV γ) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
 13C(α,n)16O∗, 1st e.s. (6.05 MeV e+e−) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(α,n)16O∗, 2nd e.s. (6.13 MeV γ) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for νe’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor νe + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002
−0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the νe emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the νe

spectra per fission of these isotopes introduced a ∼3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer ν̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
∆m2 ∼ 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for

4

TABLE I: Estimated backgrounds for νe in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
 13C(α,n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(α,n)16Og.s., 12C(n,n ′)12C∗ (4.4 MeV γ) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
 13C(α,n)16O∗, 1st e.s. (6.05 MeV e+e−) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(α,n)16O∗, 2nd e.s. (6.13 MeV γ) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5

Year

R
at

e 
(e

ve
nt

s/
da

y)

0

0.1

0.2

0.3

0.4

0.5

0.6

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

(a) 0.9-2.6 MeV
Period 1 Period 2 Period 3

Expected Rate (events/day)
0.1 0.2 0.3 0.4 0.5 0.6

O
bs

er
ve

d 
R

at
e 

(e
ve

nt
s/

da
y)

0

0.1

0.2

0.3

0.4

0.5

0.6

Year

R
at

e 
(e

ve
nt

s/
da

y)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

(b) 2.6-8.5 MeV
Period 1 Period 2 Period 3

KamLAND data
eν + backgrounds + geo eνExpected reactor 

 + backgroundseνExpected reactor 
eνExpected reactor 

Expected Rate (events/day)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

O
bs

er
ve

d 
R

at
e 

(e
ve

nt
s/

da
y)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

FIG. 2: Time evolution of expected and observed rates at KamLAND for νe’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6 MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor νe + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 0.023+0.002
−0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the νe emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the νe

spectra per fission of these isotopes introduced a ∼3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer ν̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
∆m2 ∼ 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for

2011 result
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operation period. 
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rate.
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Test of Fully-Radiogenic Model

v

• Radiogenic heat production from 238U and 232Th is 20.0      TW

KamLAND only  98.1% C.L. KamLAND + Borexino  97.2% C.L.

• Fully-radiogenic models are disfavored at

+8.8
−8.6



Measured Heat Balance

“heat flow at surface: 44.2 ± 1.0  TW” “radiogenic heat production: 24.3      TW”−

primordial heat when the Earth formed
- Geo neutrino data showed radiogenic heat ~24 TW 
contributes only half of Earth’s total outgoing heat flux
- Geo reactor at the center of the Earth is constrained

KamLAND
Borexino

< 5.2 TW (90% C.L.)
< 3 TW (95% C.L.)

Result from geo neutrino experiment

+8.8
−8.6


